Synthesis of crystalline hydrous ferric oxide (CHFO), a modified iron-based adsorbent, and its arsenic sorption behaviour have been reported. Here, the effects of pH with variation of arsenic concentrations, contact time, pre-drying of CHFO, competition of some other anions and regeneration of arsenicsaturated CHFO are conducted by batch method. The sorption of As(V) is highly dependent on the concentration and pH of the experimental system, while that for As(III) is pH insensitive. As(III) is found to require less contact time to attain equilibrium than that of arsenic(V). Pre-drying of CHFO in the temperature range of 200 to 300°C is found to be effective in removing both As(III) and As(V). Adsorption kinetics follow the first-order Lagergren model. The equilibrium data conform to the Langmuir isotherm. Evaluated Langmuir constants and equilibrium parameter (RL) indicate that CHFO is a better As(III) adsorbent under experimental conditions. Sulphate, phosphate and bicarbonate compete poorly with As(III) sorption. A field test using CHFO-packed fixed-bed column is reported. Effluent water bed volumes of 14,000, 11,000 and 9000 BV (arsenic ≤ 0.01 mg L -1 ) were obtained in the first, second and third cycle of operation from a groundwater sample (arsenic content: 320-400 µg L -1 ). Regeneration of the exhausted column was achieved with up to 80 to 85% efficiency using 3 BV of 5 M NaOH solution recycled through the column five times. Arsenic was recovered as As2S3 from the regenerates, to avoid recycling of arsenic into the environment.
Introduction
In India as in many developing countries in the world, groundwater is the main source of drinking water in rural and semi-urban areas. During the last two decades, it has been reported that groundwater in parts of India and Bangladesh have arsenic contamination above the permissible level (0.01 mg L -1 ) (Dave 1996) and potability of such water may pose a risk to public health. Arsenic in groundwater is a problem in many countries around the world. Arsenic contamination above 0.01 mg L -1 in natural water has been reported (Smedly and Kinniburgh 2002) in Argentina, Arizona, Bangladesh, Red River Delta in Vietnam, Inner Mongolia, Mexico, Northern Chile, Taiwan, Thailand, Tulare Basin, San Joaquin Valley in California and Southern Carson Desert in Nevada. The scale of the problem in terms of population exposed to high arsenic contamination in the groundwater is very high in the Bengal Basin, where more than forty million people are consuming water with excessive arsenic.
Methods for reducing arsenic contamination from water to below the permissible level are based on the principles of coprecipitation-filtration, adsorption, ion exchange and reverse osmosis. Of these, adsorption is thought to be the simplest approach. Use of numerous adsorbents, such as activated carbon (Huang and Fu 1984) , aluminium oxide (Rajakovic and Mitravic 1992; Gulledge and O'Conor 1973; Anderson et al. 1976) , activated alumina (Rosenblum and Clifford 1984; Clifford and Lin 1995) , ferrihydrite (Raven et al. 1998; Jain et al. 1999) , amorphous iron hydroxide (Gulledge and O'Conor 1973; Pierce and Moore 1982; Wilkie and Hering 1976) , granular ferric hydroxide (Driehaus et al. 1998) , goethite (Manning et al. 1998; Matis et al. 1997 Matis et al. , 1999 , manganese oxides (Driehaus et al. 1995; Oscarson et al. 1983) , geological materials (Xu et al. 1988; Bowell 1994) , silica gel impregnated with ferric hydroxide (Joshida et al. 1976) , basic yttrium carbonate (Wassay et al. 1996) , lanthanum compounds (Tokunaga et al. 1997) , hydrated zirconium oxide (Manna et al. 1999) , hydrotalcite (Manju and Anirudhan 2000) and lanthanum impregnated saw dust carbon (Raji and Anirudhan 1999) have been reported. Aluminium oxide and granular ferric hydroxide have been widely used in West Bengal (India). A recent medical report (World Health Organization 1997) circulated a cautionary notice on the use of aluminium-based compounds for water treatment. Preferred use of granular ferric hydroxide to reduce groundwater arsenic poses a problem because of colloidal adsorbent particles forming in the backwash water when regenerating packed columns. A study was undertaken to improve the quality of iron-based adsorbent.
In this communication, the synthesis of crystalline hydrous ferric oxide (CHFO), a modified adsorbent, is reported together with arsenic sorption characteristics and the regeneration of arsenic saturated CHFO. Finally, recovery of arsenic from arsenic-rich regenerate as water-insoluble As(III) sulfide is also incorporated to avoid recycling of arsenic into the environment.
Materials and Methods

Reagents
Sodium meta-arsenite and disodium hydrogen arsenate used for preparation of standard stock solutions (1000 mg L -1 ) were of A.R. (BDH) grade. Silver diethyldithiocarbamate (SDDC) used for arsenic determination spectrophotometrically was of G.R. (E. Merck) grade. All other chemicals were of reagent grade.
Instruments
An Elico pH meter (model LI-127) was used for pH measurement. Arsenic was measured using a spectrophotometer (Hitachi, model U-3210) and hydride generator atomic absorption spectrophotometer (Perkin Elmer-3100). Iron and manganese were also determined by the atomic absorption spectrophotometer. A Nephelo turbidity meter-131 (Systronics) was used to measure turbidity.
Synthesis of Adsorbent
Crystalline hydrous ferric oxide (CHFO) was prepared by hydrolyzing 0.1 M FeCl 3 in 0.01 M HCl with 0.1 M NH 3 solution. Addition of the ammonia solution to the ferric chloride was continued until the pH of the supernatant liquid was between 4.0 and 5.0. The brown ferric hydroxide precipitate was aged with the mother liquor for five days. Then, the supernatant liquid was decanted carefully and the precipitate was washed with water until acid free. After filtering the precipitate, it was dried at 40°C in an air oven.
Sorption Experiments
Batch sorption determinations were conducted by mechanical agitation at room temperature (30 ± 2°C). Fifty-mL aliquots of varying concentrations of As(III) and As(V) solutions were each treated with 0.2 g of CHFO in 100-mL polythene containers. The pH of the test solutions as well as that of the adsorbent suspension was adjusted as required, using dilute HCl and/or NaOH solution as necessary. Adsorbent particle size was in the range of 0.14 to 0.29 mm for all the experiments. After equilibration had been reached, the solutions were filtered and the filtrates analyzed for arsenic.
Regeneration of Adsorbent
Arsenic-rich CHFO (arsenic content: 66.6 mg/g), was regenerated in a batch reactor at room temperature (30 ± 2°C). The arsenic-rich adsorbent (0.1 g) was equilibrated for an hour with 50-mL aliquots of 1.0 M regenerating solutions of different composition. Regenerating agents tested included KOH, NaOH, Na 2 CO 3 , NH 3 and NaCl. The best results were obtained using either KOH or NaOH. NaOH being cheaper, was further studied to optimize the concentration and contact time.
Recovery of Arsenic
Arsenic-rich regenerate obtained above was acidified with HCl followed by boiling with NaHSO 3 until evolution of SO 2 ceased. This solution was placed in a vessel fitted with an outlet immersed into 0.1 M NaOH for trapping H 2 S, and adjusted to 8.0 to 9.0 M with HCl and saturated with H 2 S. The resulting As(III) sulfide precipitate was filtered through a previously weighed sintered glass crucible, washed with carbon disulfide and alcohol and dried at 110°C to constant weight. The residual H 2 S gas in the filtrate was oxidized to sulfate by boiling with NaOCl before disposal.
Results and Discussion
X-ray diffraction pattern showed that the synthesized hydrous ferric oxide was crystalline in nature. Thermal gravimetric analysis (Fig. 1) of the compound showed a rapid initial weight loss of 16.50% on drying below 110°C. This was attributed to a loss of physically adsorbed water from the hydrated synthesized product. This was also confirmed from a sharp endogenous differential thermal analysis, DTA, peak at 76.4°C (Fig. 2) . A broad exogenous DTA peak between 110 and 360°C and a second-step weight loss of 9.89% in TG analysis are assumed to be due to a chemical change resulting from polymerization between iron atoms through oxo bridges. It was reported (Kraus 1935) earlier that the aging and drying of ferric hydroxide led to an increase in polymerization of up to 40 to 50 Fe atoms in a chain structure resulting in the formation of a crystalline product. Another slow-step weight loss of 1.48% above 360°C is assumed to be due to dehydration with a phase transition, which is confirmed from a sharp exogenous DTA peak between 380 and 499°C. Physico-chemical characteristics of CHFO measured included: iron content (55.85%), moisture content (18.34%), bulk density (1.25 g/cm 3 ), particle size (0.14-0.29 mm) and adsorption capacity (66-68 g As(III)/kg and 55-58 g As(V)/kg at pH 6.0).
Effect of pH
The data in Table 1 show that adsorption affinity of CHFO for As(III) and As(V) from their respective solutions depends upon concentration and pH. For arsenic concentrations ranging from 10 to 20 mg L -1 , the percentage adsorption of both species onto CHFO was found to be nearly the same up to the initial pH of 6.0. At pH >6.0, As(V) adsorption decreased while As(III) adsorption decreased at pH >9.0. However, when the arsenic concentration was 25 mg L -1 , As(V) adsorption percentage decreased at pH >5.0. At 50 mg L -1 concentration, the decrease in As(V) adsorption onto CHFO was found to occur at pH >3.0, while adsorption of As(III) remains nearly constant up to pH 9.0. Thus, it appears that As(V) adsorption is both concentration and pH dependent, while that for As(III) is independent of concentration and pH for pH ≤9. This is presumably due to rapid initial As(V) sorption at higher concentrations on to CHFO which leads to a sharp increase in pH of the solution. As(V) sorption onto CHFO was found to take place via an anion-exchange process in acidic solution. At higher As(V) concentrations, initial rapid uptake onto CHFO at low pH (i.e., pH 3.0-6.0) leads to a sharp rise in pH of the system due to liberation of OH -. This increase in pH was more pronounced at higher As(V) concentrations. As(V) exists as H 2 AsO 4 -and HAsO 4 2-in solution as dominating species at pH between 2.0 and 7.0, and 7.0 and 11.0, respectively (pK a I , pK a II and pK a III of H 3 AsO 4 are 2.19, 6.94 and 11.5, respectively). As(III) exists as As(OH) 3 up to pH 9.0 and AsO(OH) 2 -at pH >9.0 [pK a I of As(OH) 3 = 9.2] in solution. The adsorbent, CHFO was reported (Amphlett 1964; De and Sen 1978) to function as an anion-exchanger at pH ≤6.0 and a cation-exchanger at pH ≥7.0 with a transition of exchange property in between the two pH values. Hence, at pH ≤6.0, As(V) adsorption onto CHFO can be attributed to anion-exchange (equation 1) as well as electrostatic type of attraction (equation 2). 
Both adsorption equilibria (equations 1 and 2) are consistent with the increase in final pH of the equilibrated solution. At pH >6.0, As(V) adsorption is thought to take place by the non-specific (van der Waals type) columbic forces. Here, the adsorption phenomena (equations 5 and 6) explain the decrease in final pH of the solution. On the other hand, As(III) adsorption takes place presumably due to ion-dipole type of interactions.
Increase in pH leads to small increases in As(III) adsorption due to the decrease in surface positive charge density on CHFO particles resulting from a decrease in electrostatic hindrances. The decrease in final pH of the equilibrated solution strongly supports the mechanistic path (equation 8).
At pH >9.0, As(III) adsorption takes place according to equilibrium equation 9 which is consistent with a decrease in pH of the final solution:
FeOOH + -OAs(OH) 2 + Na + + OH -i FeOO -Na + ----OAs(OH) 2 + H 2 O (9)
The decrease in adsorption of anionic arsenic species on to CHFO is due to an increase in competing OH -for adsorption sites with increasing pH.
Effect of Contact Time
The effect of contact time between a fixed amount of CHFO and varying concentrations of both As(III) and As(V) was examined at pH 6.0 in a batch experiment. Here, the time of agitation was varied from one to eight hours. It was found that the percentage adsorption for As(III) was more than that for As(V). For a 50-mg L -1 solution of inorganic arsenic, percentage adsorption for As(III) was 92 ± 1.2 and 97.0 ± 0.8 while that for As(V) was 19.5 ± 1.5 and 70.5 ± 1.0, after 1.0 and 4.0 hours of agitation, respectively. This indicates that CHFO requires less contact time for As(III) removal from the contaminated water than for As(V) removal. Although the percentage adsorption of inorganic arsenic decreased with an increase in concentration, the equilibrium time for maximum adsorption was independent on their concentrations and differed for As(III) and As(V). Minimum contact time for maximum As(III) and As(V) adsorption was 3.0 and 5.0 hours of agitation, respectively.
Effect of Drying Temperature
The effect of drying temperature on the adsorption of As(III) and As(V) between 25 and 500°C was studied using 50-mg L -1 solutions at pH 6. Results showed that the percentage uptake for As(III) remained nearly constant (~96.0 to 98.5), while that for As(V) increased from 67.0 to 95.0 for drying temperature up to 300°C. Drying temperature above 300°C resulted in a decrease in percentage adsorption for both species. Percentage adsorption for As(III) decreased from ~98.5 to ~80.0 while that for As(V) decreased from ~95.0 to ~54.0, when the drying temperature of CHFO increased from 300 to 500°C. The sharp exogenous DTA peak (Fig. 2) at 380 to 450°C, indicating phase transfer of CHFO, is consistent with the decrease in adsorption percentage with increase in drying temperature above 300°C. The increase in As(V) sorption onto pre-dried adsorbent with increasing drying temperature from 25 to 300°C is attributed to an increase in active sites with porosity due to the loss of inter-lattice hydrogen-bonded (physically adsorbed) water molecules. Consequently, it is suggested that the optimum drying temperature for adsorption of inorganic arsenic species from natural water samples is 200 to 300°C. Use of pre-dried CHFO at a temperature between 200 and 300°C was also found to decrease the possibility of incremental iron solubilization from the adsorbent medium even after long contact periods.
Adsorption Dynamics
In the present investigation, two approaches have been used for explaining the adsorption dynamics: (a) kinetic modelling using Lagergren equation and, (b) pore diffusion rate constant.
Kinetic modelling
The kinetic study for As(III) adsorption onto CHFO was conducted at pH 6.0 by varying sorbate concentration and temperature of solution. The adsorption rate constants were calculated using the model proposed by Lagergren first-order rate process: log 10 (q e -q ) = log 10 q e -(K ad /2.303)t where q e and q (both in mg g -1 ) are the adsorption capacity of As(III) at equilibrium and at time t, and K ad is the rate constant. The straight line plots of log 10 (q e -q) versus time (t) at different initial As(III) concentration (Fig. 4) and temperature (Fig. 3) show the validity of the above model and suggest that As(III) sorption obeys firstorder kinetics and that K ad is independent of initial concentration within the range studied. The rate constant, K ad for the adsorbent and for some other reported data is given in Table 2 . The increase in K ad value with increase in temperature indicates endogenous sorption of As(III) onto CHFO. The present values of K ad are found to be comparable to those reported for other adsorbents (Manju and Anirudhan 2000; Raji and Anirudhan 1999) .
Pore diffusion coefficient
Pore diffusion coefficient (D) for intraparticle transport of As(III) has been calculated using the following equation, assuming spherical geometry for the adsorbent. where t 1/2 is time for half adsorption, and r 0 is the mean radius of particle used for the study.
The calculated values for D were found to be 46.045 x 10 -10 , 55.25 x 10 -10 and 63.76 x 10 -10 cm 2 /sec for initial As(III) concentrations of 50, 75 and 100 mg L -1 , respectively. These values are in the range of 10 -9 to 10 -12 demonstrating that the adsorption phenomenon is controlled by pore diffusion (Poots et al. 1976) .
Adsorption Isotherm
The equilibrium data on adsorption of As(III) and As(V) were analyzed separately using the Langmuir adsorption model. 1/q e = 1/(θ o bC e ) + 1/θ o where q e is amount of As(III) or As(V) adsorbed per unit weight of the adsorbent (mg g -1 ), C e is the equilibrium concentration of As(III) or As(V) in solution (mg L -1 ), θ o and b are Langmuir constants related to the sorption capacity (mg g -1 ) and energy of sorption (L mg -1 ), respectively. The initial concentration was 50 mg/L.
The linear plots of 1/q e versus 1/C e (Fig. 5) suggest the applicability of the above model for the system, indicating monolayer coverage of sorbate at the outer surface of the adsorbent. The values for θ o and b were calculated from the plots and are given in Table 3 together with comparative data for some other adsorbents. Comparison of adsorption constants for both As(III) and As(V) sorption onto CHFO with other adsorbents (determined and literature data) indicates that CHFO has good prospects for removing arsenic from contaminated water. The essential characteristics of a Langmuir isotherm may be expressed in terms of dimensionless equilibrium parameter, R L , using the following equation: (Table 3) at different initial sorbate concentrations showing favourable sorption of As(III) and As(V) onto CHFO.
Effect of Other Anions
The competing effect of other anions such as Cl -, NO 3 -, F -, OAc -, HCO 3 -, SO 4 -2 and PO 4 -3 on As(III) adsorption was investigated at an initial pH of 6.0 by batch method. It was found that the percentage adsorption of As(III) decreased from (98.0 ± 1.0) to (92.5 ± 1.5) with increase in initial concentration ratio (ICR) of phosphate to As(III) in solution from 0 to 1.0. Similar results were also found when ICR of sulfate or bicarbonate to As(III) was varied from 0 to 16. Other anions showed no remarkable effect when ICR was varied from 0 to 10. These results indicate that phosphate has a somewhat greater competing effect with As(III) for sorption sites than that for sulfate or bicarbonate. However, it is apparent that phosphate, sulfate and bicarbonate will all interfere with As(III) removal from groundwater.
Regeneration of Arsenic-Rich CHFO
Regeneration studies of As(III)-rich CHFO (As content: 66.6 mg g -1 ) conducted by the authors showed that 1.0 M solution of either NaOH or KOH desorbed ~60 ± 1% of initial arsenic content while some other regenerating agents desorbed <30%. Regeneration of the adsorbent was tested by varying the concentration of NaOH from 1.0 to 10.0 M. It was found that 5.0 M and 10.0 M NaOH desorbed 78 ± 2% and 83 ± 3% of initial arsenic content, respectively. Increasing the contact time to 24 h did not improve the percentage regenerated. The 15 to 20% arsenic which is not desorbed even under extreme conditions may be due to the chemisorption or fouling of the adsorbent. This implies that reused CHFO will have 15 to 20% less arsenic removal capacity than the fresh product.
Recovery of Arsenic
Arsenic was recovered from the arsenic-rich regenerate as As(III) sulfide by the method described in the above section 'Recovery of arsenic.' Quantitative determination showed that 99 ± 0.5% of the arsenic content was recovered. The remaining mother liquor was analyzed for arsenic and found to contain <0.05 mg L -1 arsenic. This is consistent with the very low solubility product of isolated solid sulfide (K sp of As 2 S 3~1 0 -63 ). Thus, the solution obtained after recovery of arsenic can be discharged safely onto surface soil. This avoids the recycling of arsenic back into the environment.
Field Experiment
A glass column (internal diameter: 2.0 cm) was packed with CHFO (grain size: 0.3-0.5 mm) to a height of 16 cm and connected to a tube-well in a residential house at Barasat (Bengal Basin, West Bengal, India). The tube-well water (arsenic content: 320-400 µg L -1 ) was passed through the bed at a flow rate of ~60 BV/h (contact time: ~18 sec). The arsenic in the effluent was determined at specified bed volumes (Fig. 6) . Fourteen thousand BV of water with arsenic ≤0.01 mg L -1 were obtained from the system. Some other water quality parameters were also determined including pH, hardness, turbidity, Fe, Mn, Cl -, NO 3 -, PO 4 -3 , SO 4 -2 , and TDS (Table  4) . It was found that the CHFO-packed column not only decreased arsenic but also resulted in substantial reduction of the other parameters in the influent water including iron. When arsenic in the effluent water reached 0.01 mg L -1 , the column was regenerated using 3 BV of 5.0 M NaOH solution with a down-flow rate of 3 BV/h. The regenerating solution was recycled five times through the column. This removed 80 to 85% of the adsorbed arsenic from the column. Finally, the column was washed with de-ionized water and then with 0.01 M HCl and water, alternately until the pH of the effluent was between 6.0 and 7.0. The regenerated column was used again and a further 11,000 BV of water was obtained with arsenic concentration <0.01 mg L -1 (Fig. 6 ). Regenerating the column as above, it was again used for a third cycle. This time 9,000 BV of water of potable standard was collected (Fig. 6) . Results indicate that the arsenic removal efficiency of the CHFO column decreases by 15 to 20% after each cycle of use. This decrease is consistent with the extent of regeneration as mentioned earlier. 
Conclusions
